Metastases, or migration of cancers, are common and severe cancer complications. Although the 5-year survival rates of primary tumors have greatly improved, those of metastasis remain below 30%, highlighting the importance of investigating specific mechanisms and therapeutic approaches for metastasis. Microfluidic devices have emerged as a powerful platform for drug target identification and drug response screening and allow incorporation of complex interactions in the metastatic microenvironment as well as manipulation of individual factors. In this work, we review microfluidic devices that have been developed to study cancer cell migration and extravasation in response to mechanical (section 'Microfluidic investigation of mechanical factors in cancer cell migration'), biochemical (section 'Microfluidic investigation of biochemical signals in cancer cell invasion'), and cellular (section 'Microfluidic metastasis-on-a-chip models for investigation of cancer extravasation') signals. We highlight the device characteristics, discuss the discoveries enabled by these devices, and offer perspectives on future directions for microfluidic investigations of cancer metastasis, with the ultimate aim of identifying the essential factors for a 'metastasis-on-a-chip' platform to pursue more efficacious treatment approaches for cancer metastasis.
INTRODUCTION
Metastasis is the migration of cancers, which occurs when cancer cells break off from the primary tumor, travel in the lymph or blood vessels, and eventually extravasate into a tissue and establish a secondary tumor 1 . Although only 0.001-0.02% of cancer cells that enter circulation can form a metastatic tumor 2 , successful metastasis significantly increases the morbidity and mortality of patients. Metastases are difficult to treat because they signal a systemic disease that can affect multiple organs. Although the 5-year survival rates for localized cancers are relatively high, those for metastases are o30% and have not improved significantly over the last 10 years 3 , making metastasis the major cause of death from cancer, as reported by the World Health Organization 4 . Significant efforts have been spent on investigating cancer metastases, as summarized in several recent review articles [5] [6] [7] [8] [9] . Many of these studies focused on the causes of metastatic specificity. For example, breast cancer mainly metastasizes to bone, lung, brain, and liver tissues, whereas prostate cancer primarily metastasizes to bone 10 . This tendency suggests that cancer cells receive and respond to signals from the secondary site, leading to preferential migration. These signals might take the form of chemokines released from the secondary tumor site, mechanical properties of the environment that guide the migration of cancer cells, or interactions with other types of cells. Metastatic cancer cells were shown to adjust their migration mechanisms in response to these signals and more robustly than non-metastatic and normal cells 11 . It was also found that certain cancer drugs can lead to increased metastasis 12 . These factors highlight the need to investigate treatments designed specifically for metastasis.
Currently, treatments for cancer and metastasis are often tested in vivo using mouse models in which cancer cells are injected orthotopically or into circulation. Cell-labeling techniques have also recently enabled the observation of cell-cell interactions 13, 14 . These in vivo models have the advantage of strong physiological relevance compared with in vitro models. However, use of human cancer cells in mice requires immunocompromised mice, which renders the power of this approach limited because immune cells play an important role in metastasis 15, 16 . This and other differences between mice models and humans might be the reason that many drugs tested in mice have failed to work in humans 17, 18 . Even for the drugs that do work in patients, their effects cannot be extrapolated across all patients due to tumor heterogeneity 19 . These observations prompt the need for individualized medicine. A few in vitro systems have been developed to predict individualized drug response for primary tumors 20 , and these systems often involve isolation and culture of primary tumor cells with chemotherapy drugs. The growth of these tumor cells can be monitored as well as their gene expression and other measures. More sophisticated systems have used tumor spheroids 21 and incorporated extracellular matrix (ECM) and other cell types 22 . However, the response of cancer cells to drugs might differ because they encounter different 1 environments during metastasis. Therefore, systems specifically for metastasis are direly needed 8 . The first conventional in vitro system used to study metastasis was the 2D wound-healing assay, which involves creation of a 'wound' gap in a cell monolayer and observation of cell migration to close the 'wound' gap. Although simple to use, this approach fails to replicate the 3D environment and the signal gradients that are present in vivo 22, 23 . To address these limitations, the Boyden chamber assay was developed in which cells are seeded on well inserts with semi-permeable membranes, and their migration across the membrane toward a chemoattractant is quantified. The membrane can also be coated with ECM or seeded with other types of cells. However, this technique permits only end-point measurement but not real-time imaging, which could be important for observing changes in cell morphology in response to chemoattractants or drugs. Furthermore, this method does not allow for single-cell analysis and cannot reveal intratumor heterogeneity 24 . Microfluidics has emerged as a powerful platform for study of cancer metastases [25] [26] [27] [28] and drug screening 29, 30 . Due to their micro-scaled structures, microfluidic devices require low numbers of cells and offer the potential for high-throughput screening. Microfluidic devices also allow for additional types of cells to co-exist in 3D while maintaining each cell population in their appropriate environment, which enables the intricate physiological environment during metastasis to be replicated.
The metastatic cascade is extremely complex. Growth of the primary tumor involves the recruitment of cells, such as cancerassociated fibroblasts and endothelial cells, for angiogenesis. This scenario creates a gradient of chemokines and ECM stiffness to guide cancer cell migration toward the circulation, where cancer cells must subsequently degrade the ECM and intravasate across endothelial cells to enter the circulation. Cancer cells that have survived circulation might reach a secondary organ, where they might adhere or be trapped physically in small vessels. In this case, the cells might extravasate out of the vessels, degrade the ECM, and grow to establish a secondary tumor. Because metastasis is a multi-step process and every step requires unique gene expression and interaction with other cells, each step can be targeted for treatment. For example, studies have investigated the potential for targeting αvβ3 and αvβ5 integrin to prevent tumor cell adhesion to the ECM 31 , C-X-C ligand-12 (CXCL-12; also known as SDF-1α) to reduce recruitment of myeloid bone marrow-derived cells that can support angiogenesis and tumor growth 32 , and receptor activator of nuclear factor kappa-B ligand to block the differentiation of osteoclasts that can facilitate bone metastasis 33 . Therefore, several of these steps have been investigated using microfluidic devices, as summarized in recent reviews [25] [26] [27] [28] . Nevertheless, many patients already showed signs of disseminated tumor cells at the time of primary tumor diagnosis 34 , indicating that drugs targeting the early stages in metastasis might not be ideal. In addition, cancer cell activity prior to arrival at the vasculature of the secondary site is thought to primarily follow the blood flow 35 , and it is more difficult to treat metastasis once a secondary tumor is established 3 . Therefore, this review is focused on cancer cell extravasation and migration at the secondary site under (a) mechanical stimulation (section 'Microfluidic investigation of mechanical factors in cancer cell migration'), (b) biochemical factors (section 'Microfluidic investigation of biochemical signals in cancer cell invasion'), and (c) cells of the secondary site (section 'Microfluidic metastasis-on-a-chip models for investigation of cancer extravasation'), as summarized in Figure 1 . An overview of the capabilities of current microfluidic devices could aid in identifying important factors in metastasis that might be investigated as drug targets or should be included in a 'metastasis-on-a-chip' device for drug screening.
MICROFLUIDIC INVESTIGATION OF MECHANICAL FACTORS IN CANCER CELL MIGRATION
When cancer cells metastasize, they must migrate through small spaces in the ECM at the primary and secondary tumor sites (as small as 1 μm in rat collagen matrices 36 ) as well as the capillaries or small lymphatic vessels (5-10 μm). These sites all have different confinement and stiffness characteristics, which are two mechanical cues that are known to affect cell migration [37] [38] [39] . The stiffness gradient created by cancer-associated fibroblasts (CAFs) had been shown to guide cancer cell migration 40 . Furthermore, chemotherapies that effectively increase leukemia apoptosis were suggested to increase cancer cell invasion in capillary-sized constrictions 41 . Therefore, microfluidic devices were developed to investigate cancer cell response to mechanical cues and drug impact on these responses ( Figure 2) 42-47 . Irimia et al. 42 developed an early microfluidic device for investigating the effect of confinement on cancer cell migration (Figure 2a ). To simulate different levels of confinement that cancer cells experience in vivo in a high-throughput manner, polydimethylsiloxane (PDMS) devices consisting of four arrays of 50 channels (3-12 μm × 6-100 μm) were plasma-bonded on coverslips at the bottom of 96-well plates. In these confined channels, cancer cells migrated continuously in one direction in the absence of chemical gradients while 3T3 fibroblasts frequently changed directions and paused, suggesting that confinement alone is sufficient to drive persistent migration and that cancer cells are more responsive to mechanical cues. The migration speed of MDA-MB-231 breast cancer cells was shown to be fastest in 3 μm × 25 μm channels at 50 μm h − 1 . Application of drugs that alter microtubule dynamics (Nocodazole and Taxol) reduced this migration speed. A similar finding was observed with a polyethylene (glycol) diacrylate device constructed using digital micromirror device-based projection printing 48 that has the advantage of being able to print exact replicas of capillaries. However, due to the complexity of the printed capillaries, the researchers made a simplified honeycomb model (25-120 μm) instead and observed that HeLa cervical cancer cells migrated faster in narrower channels, whereas the migration speed of noncancerous 10T1/2 cells did not change with the channel width.
To more closely recapitulate the gradual change in confinement levels that cancer cells experience as they move into smaller vessels, a microfluidic device was developed to observe the effect of tapering angles on cancer cell migration 49 . This device consists of an array of PDMS microchannels with varying tapering angles Figure 1 Several factors that guide cancer cell invasion to secondary tissue have been investigated using microfluidics devices: Mechanical (confinement, ECM stiffness, and fluid flow) (section 'Microfluidic investigation of mechanical factors in cancer cell migration'), biochemical factors (section 'Microfluidic investigation of biochemical signals in cancer cell invasion'), and interaction with cells at the secondary tumor site (section 'Microfluidic metastasis-on-a-chip models for investigation of cancer extravasation').
(1-40°) between the large (15 μm × 10 μm) and the small (4 μm × 10 μm) channels. It was observed that 480% of metastatic MDA-MB-231 breast cancer cells underwent permeation (invasion into the small channel) rather than repolarization (turning back to the large channel at the tapering region) at all tapering angles. MDA-MB-231 cells were also found to be more likely to permeate at high-gradient tapering regions (47°) than the non-cancerous MCF-10A cells.
Because the smallest space that cancer cells experience during metastasis can reach sub-nuclear levels 50 and nuclear deformation might lead to downstream mechanotransduction pathways 51 , several devices sufficiently small to confine the cancer cell nucleus were constructed to observe nuclear deformation 43, [52] [53] [54] [55] . These devices demonstrated the protrusion of cancer cell cytoplasm into the sub-nuclear channels prior to nuclear deformation 43, 52 . This approach might aid in reducing the cell size and facilitating nutrient finding. It was also observed that migration from the larger channel (15 μm × 10 μm) through the sub-nuclear channel (15 μm × 3.3 μm, 10 or 60 μm long) is reduced if the sub-nuclear channel is longer than a typical cell (Figure 2b ) 43 . Furthermore, the application of 5ʹ-deoxy-5ʹ-methylthioadenosine (a methylase inhibitor that causes chromatin de-condensation) 52 and Taxol (that alters microtubule dynamics) 43 reduced the percentage and speed of cancer cell migration into the sub-nuclear channels, whereas the application of phospholipid sphingosylphosphorylcholine (that reduces cell stiffness) 53 increased these measures. Cancer cells were shown to migrate through constrictions as narrow as 2 μm formed by PDMS pillars 54 , but nuclear translocation was greatly impeded when the sub-nuclear channel (2-20 μm × 5 μm) was narrower than 5 μm (Ref. 55) . These studies advanced the understanding of the morphological changes of cancer cells when they invade spaces with subnuclear confinements.
The difference in cancer cell behavior during sub-nuclear migration under drug treatments was further investigated 56, 57 by observing MDA-MB-231 breast cancer cell migration in channels of various sizes (3-50 μm × 10 μm). The cortical F-actin and microtubules of migrating cells were shown to be uniformly distributed in 50 μm channels, yet redistributed to the cell poles with no focal adhesion in 3 μm channels. The researchers also found that the application of Y-27632 (a Rho-associated kinase inhibitor that can eliminate stress fibers and focal adhesions) in 50 μm channels induced long protrusions that could not be retracted, leading to a significant reduction in cell displacement. In contrast, the migration speed was increased in 3 μm channels. The researchers also demonstrated that ML-7 (an inhibitor of myosin light-chain kinase), CT04 (an inhibitor of Rho A, B, and C), and β1-integrin neutralizing antibody reduced migration only in 50 μm and not in 3 μm channels. Actin polymerization inhibitors cytochalasin D and latrunculin-A had no effect on migration in 3 μm channels. Blebbistatin (an inhibitor of non-muscle myosin II a, important for cell contractility) even enhanced migration speed in 3 μm channels. Finally, the application of Taxol (an inhibitor of microtubule depolymerization) and colchicine (a promoter of microtubule disassembly) significantly reduced migration in 3 μm channels.
To further investigate the response of cancer cells to different levels of confinement, Mak et al. developed a microfluidic device in which migrating cancer cells encountered a branch point leading to two channels, one 10 μm wide and the other 3.3 μm wide 58 . The two channels were configured in a circular (two branches splitting at the same angle) or semi-circular (smaller channel collinear with the original path leading to the branch point) pattern. Cancer cells were observed to either enter directly into one path or first extend into both channels. Approximately 90% of the cells entered the larger channel for circular branch points, whereas 68% did so for semi-circular branch points. Moreover, only 35% of cells treated with blebbistatin (inhibitor of non-muscle myosin II a) entered the larger channel at semicircular branch points, and Taxol significantly reduced the probability of cancer cells making a path decision and migrating further.
Because clusters of cancer cells had been isolated from venous circulation 59, 60 and were shown to be more invasive than single cancer cells 61 , Au et al. 44 instigated extravasation of cancer cell clusters (2-20 cells) through narrow constrictions (Figure 2c ). A microfluidic device was constructed with 16 microchannels (30 μm × 30 μm) tapering into constrictions of 5-10 μm. The outlet was lowered to create a hydrostatic pressure and flow. Primary cancer cell clusters and MDA-MB-231 breast cancer cells were cultured in ultralow attachment well plates. Using the microfluidic device, 90% of clusters (up to 20 cells) were found to migrate through the narrowest constriction (5 μm). As the clusters approached the constriction, they unfolded into a chain-like organization and reformed into clusters as they exited. For small clusters of o5 cells, the migration velocity of the cluster through the constriction was observed to be equal to the velocity of an individual cell of the same diameter as the largest cell in the cluster. For larger clusters, the migration velocity was more similar to the sum of resistances of the cluster's individual cells.
Due to increased recognition of the importance of intra-tumor heterogeneity, a microfluidic device was developed to isolate and capture invasive and non-invasive subsets of tumor cells for analysis (Figure 2d ) 45 . The device consisted of two symmetrical serpentine channels (40 μm tall) connected at each turn through a central migration channel (20 μm tall) and a 'capture gap' (20 μm tall and 10 μm wide). Because the serpentine channel was longer and had a higher resistance, cells loaded into one serpentine channel went down the central migration channel and were trapped in the capture gap. A chemoattractant was applied to the other serpentine channel to stimulate cancer cell migration across the central channel. Finally, cells were detached using trypsin from both sides of the central channel to isolate the migratory and nonmigratory cell populations. It was shown that the migrated cells had a more elongated and mesenchymal morphology. Daughter cells of the migrated subset also remained more chemotactic in character and showed higher expression of RhoC GTPase and p38γ (known mediators of migration) after four days of culture. The microfluidic device was further modified to incorporate a series of 100 μm long 'choke points' (6-30 μm) in each central migration channel to mimic cancer cell migration in lymphatic vessels. It was shown that cancer cells extended pseudopodia beyond the choke points, and that cells with p38γ knockdown were not able to migrate through the narrowest choke points.
Other than mechanical confinement of cancer cells, surface stiffness was also suggested to affect the behavior of cancer cells 62, 63 , and exogenous tissue stiffening can facilitate tumorigenesis 64 . Therefore, a device was designed to observe the 3D migration of H1299 lung cancer cells in gels of different composition and stiffness 65 . The PDMS device consisted of a central hydrogel channel laterally connected to two media channels separated by 3 posts. Cancer cells were suspended in hydrogels of different compositions (2 mg mL − 1 of type I collagen, 0-4 mg mL − 1 of Matrigel) and loaded into the hydrogel channel. In addition, 20% fetal bovine serum (FBS) was loaded in the media channel to stimulate migration. The hydrogel with the highest concentration of Matrigel was verified as the stiffest, with the thickest fibers and fewer but larger pores. Cancer cells in the hydrogel with the most Matrigel were the most motile and had a lobopodial as opposed to mesenchymal phenotype. Anti-β1 and anti-β3 neutralizing antibodies triggered amoeboid migration and reduced migration speeds in hydrogels with 0-2 mg mL
Matrigel but increased those in hydrogel with 4 mg mL − 1 Matrigel.
As stated, the above device altered both the stiffness and the size of the pores that confine migrating cancer cells. Therefore, Pathak et al. constructed a device to isolate the effect of stiffness and confinement 66 . The researchers fabricated microfluidic channels of different widths (10-40 μm) and stiffness (0.4-120 kPa) through polymerization and gelation of polyacrylamide hydrogels. Enhanced migration of U373-MG glioma cells in narrower channels was observed for a fixed stiffness. The dependence of migration speed on confinement was found to be the strongest on the stiffest ECM. The migration speed increased with stiffness (up to 120 kPa) in the 10 μm channels but reached a maximum at a stiffness value of 10 kPa in wider channels. Interestingly, the application of blebbistatin (an inhibitor of non-muscle myosin II a) saturated the dependence of migration speed on stiffness in all channels.
In addition to the biomaterial surface stiffness that cancer cells encounter, cell stiffness and deformability are major factors that regulate the cell migration speed in confined channels 67 . Therefore, several microfluidic devices were developed with the ability to measure the mechanical properties of cancer cells [68] [69] [70] , and one device was able to do so while measuring the speed of cancer cells passing through constrictions (Figure 2e ) 46 . The device contained a comparator region at the end of two parallel confined channels (15 μm). With no cells in either confined channel, the liquid interface between fluids from the two channels was balanced at the center of the comparator region. When a cell passed through a channel, this interface moved toward the channel with the cell due to the reduced flow rate. This fluid interface displacement was dependent on the cell size and stiffness. This device showed that considerable differences in fluid interface displacement existed between benign cells and A712 glioblastoma cells even when the cells were of the same sizes, indicating that the difference is likely due to cell stiffness. Surprisingly, L0329 and L0367 normal astrocytes were found to be less stiff and migrated faster than cancerous glioblastoma A172 and astrocytoma 1321N1 cells. This observation is in striking contrast to the previous observations that breast cancer cells are softer than normal breast tissue cells 70, 71 . Another factor that plays an important role in cell migration is fluidic flow 72, 73 . Cancer cells in vivo experience blood flow or interstitial flow in all stages of metastasis. Physiological levels of hemodynamic shear stress (15-30 dynes per cm 2 ) have been shown to trigger apoptosis in non-metastatic cancer cells but enhance transwell migration of metastatic cells 74 . A microfluidic device was developed to model cancer cell movement in interstitial flow (Figure 2f ) 47 . The device consisted of three parallel cell channels separated by microfabricated PDMS ridges and a flow channel perpendicular to and running through the cell channels. Cells suspended in collagen were subsequently loaded to the cell channels, and flow was introduced at 2 μm s − 1 , which is within the range of interstitial flow in healthy tissue 75 . Because there were only ridges and no walls, the obstruction of flow was greatly reduced. Using the device, it was found that flow promoted an amoeboid over a mesenchymal phenotype, exhibiting reduced cell dimensions and evenly distributed actin filaments. Because fibronectin is an adhesion molecule essential in migration with a mesenchymal phenotype, the researchers hypothesized that the flow washed away fibronectin, leading to an amoeboid phenotype. The observation that exogenous fibronectin (added to the cell-collagen solution at 100 μg mL − 1 )
promoted a mesenchymal phenotype confirmed this hypothesis. Interestingly, although flow increased migration speed, the probability that cancer cells migrated persistently in one direction was reduced. This observation contrasts with the previous observation that interstitial flow guided cancer cell migration 76 and suggests that further studies on interstitial fluid flow and cancer cell migration are needed. , and vascular endothelial growth factor were shown to stimulate cancer cell migration. Early models used to study biochemical factors used cell migration through bulk gels in response to factors including EGF 80, 81 , CXCL-12 (Ref. 81 ), hypoxia 82, 83 , and serum concentration 84 . These models allowed the study of cancer cell migration in a 3D environment, which is known to occur via mechanisms different from those in a 2D environment 85, 86 . With these devices, morphological changes and matrix degradation were observed during cancer cell migration toward a nutrient gradient. The efficacy of drugs in inhibition of cancer cell migration and invasion were also compared. These devices have significant advantages over the wound-healing assay due to the incorporation of gradients and 3D migration environments, but they still lack intrinsic co-culture and cross-talk between cells.
The metastatic niche is highly dynamic, with interactions between tumor and resident cells. In addition to responding to chemokines, tumor cells actively produce factors to modify ECM, disrupt endothelial integrity, and recruit cells to form a favorable environment. For example, tumor cells upregulate VEGF to recruit endothelial cells and promote angiogenesis, transforming growth factor β (TGF-β) and macrophage colony-stimulating factor to recruit tumor-associated macrophages 87 , and platelet-derived growth factor and TGF-β to recruit CAFs 88 . These three cell types have been indicated to promote metastasis to a variety of secondary tumor sites. Therefore, more advanced microfluidic devices began to involve co-cultures with macrophages 89, 90 , CAFs [91] [92] [93] , and endothelial cells [94] [95] [96] [97] [98] [99] [100] [101] . One device used macrophages and cancer cells suspended in 2.5 mg mL − 1 collagen (Figure 3a ) 90 . Experiments demonstrated that the presence of macrophages enhanced cancer cell migration speed and persistence as well as their production of matrix metalloproteinases (MMPs, an essential factor for matrix degradation). Co-blocking of tumor necrosis factor α (TNF-α) and TGF-β reduced the production of MMPs only when macrophages were present, suggesting that the enhanced invasion was due to macrophage production of the two factors.
A similar device was constructed to study the interaction between salivary gland adenoid cystic carcinoma (ACC) cells and CAFs 93 ( Figure 3b ). This device consisted of a stimulation channel (20% FBS) and a cell channel (co-culture of ACC cells and primary CAFs isolated from patients with ACC) connected by Matrigel-filled side channels. Studies found that co-cultures with CAFs were much more invasive than cultures with only ACC cells or cocultures with regular fibroblasts. Furthermore, it was demonstrated that CAFs invaded in the front and ACC cells followed, whereas ACCs invaded first when co-cultured with normal fibroblasts. However, when the C-X-C receptor-4 (CXCR-4, receptor for CXCL-12) on ACC cells was blocked with AMD3100, ACC cells did not follow the track of CAFs and sometimes invaded in the front. These devices permitted the observation of intricate interactions between cancer cells and metastasis-supporting cells 90, 93 . Although these approaches are excellent platforms for studying cancer cell migration in ECMs, it could be more insightful to incorporate endothelial cells to model blood vessels because endothelial cells are the first barriers encountered by cancer cells in blood vessels during extravasation. Figure 3c shows an early device developed to study the transmigration of cancer cells across a layer of endothelial cells 94 , with a region on the device filled with basement membrane extract (BME) as a model ECM. To develop an endothelial wall, the device was filled with human umbilical vascular endothelial cells (HUVECs) and tipped on its side to attach the cells on the BME. Metastatic adenoid cystic carcinoma (ACC-M) cells aggregates were subsequently seeded on the endothelial cell layer. The application of CXCL-12 was able to induce trans-endothelial migration in the cancer cells. By antagonizing its receptor CXCR-4 with AMD3100, migration was blocked, which highlights the importance of CXCR-4 in metastases. A similar device was used to observe MDA-MB-231 extravasation toward an CXCL-12 gradient 95 . However, these devices used a non-luminal vasculature, which could affect signaling of endothelial cells 102 .
To improve the geometry of vascular models, a device was built 96 based on the design of a co-culture device 103 . The device consisted of a central channel coated in Matrigel and seeded on all sides with human microvascular endothelial cells. The transmigration of metastatic breast cancer cells MDA-MB-231 seeded on the endothelial cells was investigated. The device allowed visualization of the damage that cancer cells caused to the endothelial wall during transmigration. It was also observed that the majority of the transmigration occurred shortly after cell adhesion (within 24 h). However, different from a blood vessel, the microfluidic device had a rectangular cross-section, and this shape difference could possibly affect the interaction between cancerous and endothelial cells 104 . To develop rounded vasculature in a rectangular channel, the ability of endothelial cells to self-assemble microvasculature was leveraged (Figure 3d ) 97 . The device consisted of two fibrinogen cell channels separated by three media channels. To induce microvasculature self-organization, HUVECs were seeded in fibrinogen in one cell channel, and normal lung fibroblasts were seeded in the other. This co-culture allowed for the development of more physiologically relevant microvasculature compared with that of endothelial monocultures 105, 106 . MDA-MB-231 cells were loaded into the central media channel, which induced a pressure drop that caused the cancer cells to enter the microvasculature. In the experiments, the application of proinflammatory cytokine TNF-α greatly increased the permeability of the microvasculature and cancer cell extravasation in a dose-dependent manner. Realtime imaging showed that cancer cells first extended thin filopodial protrusions through the endothelial cell layer, which subsequently grew and branched out. The cell body was reduced in size as it penetrated the endothelial cell layer, and as it entered the new ECM, it developed a 'spread' morphology. After extravasation, no breakage in the E-cadherin junctions was observed. However, a small gap (up to 8 μm) was observed to form during transmigration. Furthermore, it was noted that cancer cells trapped in the vessel had a higher extravasation efficiency compared with those that were adhered yet free to move.
The microfluidic device 97 was used to further investigate the importance of integrin β1 in breast cancer cell extravasation 98 . small hairpin RNA (shRNAs) targeting integrin β1 caused a significant reduction in MDA-MB-231 cell protrusion and extravasation at 6 h, whereas those targeting integrin β3 had no effect. Moreover, it was shown that co-blocking of laminin-binding integrin α3 and α6 also reduced extravasation, although not to the level of β1KD cells. A similar approach of self-assembled microvasculature was applied to demonstrate that Taxol not only greatly reduced the migration and growth of MDA-MB-231 breast cancer cells but also disrupted the microvasculature around the cancer cells 99 . To model the full extravasation process of circulating tumor cells (CTC) with flow, a microfluidic device was developed (Figure 3e ) 100 consisting of a perfusion channel with cancer cell suspension and a gel channel loaded with CXCL-12. A monolayer of HUVECs was seeded on Matrigel on the walls of the cancer cell channel. The chemokine channel used Matrigel as a model ECM. Flow (50 μL h − 1 , 6.7 × 10 − 3 Pa) was applied to the cancer cell channel to develop a confluent monolayer of endothelial cells and to pump in the suspension of CTCs. The flow rate was subsequently lowered (1 μL h − 1 , 1.3 × 10 − 4 Pa) to establish a stable CXCL-12 gradient in the channel. The study showed that CXCL-12 increased the numbers of extravasated MDA-MB-231 cells but not MCF7 cells. It should be noted that although this system was the first to address the need for fluid flow on endothelial cells for a valid model, the shear stresses applied were well below physiological levels 107 . In addition to observing the effect of different factors on extravasation, due to the increasing interest in intra-tumor heterogeneity, a microfluidic device was developed to isolate invasive subsets for analysis (Figure 3f ) 101 . The device consisted of a porous membrane with 20 μm thickness separating a top channel layer and bottom collection chambers. Pore sizes between 24 and 28 μm were found to allow endothelial cells to cover the pores and to allow cancer cells to maintain their morphology after migration. Because each collection chamber was connected to an independent inlet and outlet controlled by pneumatic microvalves, cells migrating across areas where the endothelial cell layer was intact were collected. In the device, the membrane was coated with 4 μg cm − 2 poly-D-lysine and 50 μg mL − 1 fibronectin and seeded with HUVECs and cancer cells. CXCL-12 (100 ng mL − 1 ) was subsequently added to the bottom collection chambers, and flow with a shear stress of~10 dynes per cm 2 was applied to the flow channel. After 15 h, 5.2% of MDA-MB-231 invasive breast cancer cells and only 0.4% of MCF-10A normal breast epithelial cells had migrated. Furthermore, when a lower flow rate (shear stress of 2.5 dynes per cm 2 ) was applied, 9.1% of MDA-MB-231 cells migrated, suggesting that the higher shear stress might help to maintain an intact layer of endothelial cells. The migrated cells were subsequently collected and incubated for further analysis. Similar to the isolated subsets of cancer cells migrating through confinement 45 , the MDA-MB-231 cells capable of trans-endothelial migration were also more spread and revealed a mesenchymal morphology.
MICROFLUIDIC METASTASIS-ON-A-CHIP MODELS FOR INVESTIGATION OF CANCER EXTRAVASATION
As discussed previously, different types of cancer preferentially metastasize to different tissues. A number of organ-on-a-chip models have been developed for organs that are common secondary sites of metastases (such as lung, liver, and bone), as summarized in several review papers [108] [109] [110] . These organ-on-achip models could be subsequently combined with vasculature extravasation models discussed in section 'Microfluidic investigation of biochemical signals in cancer cell invasion' 111 to create metastasis-on-a-chip models that mimic cancer cell extravasation through an endothelial barrier toward the secondary metastasis site. These models are advantageous for investigating the interactions between cancer cells and cells at the secondary site and the mechanisms regulating organ specificity of metastases.
Breast cancer is known to metastasize preferentially to bone. An early microfluidic device investigating this specificity consisted of a blood vessel channel and a bone channel (Figure 4a ) 112 . The bone channel contained osteo-differentiated (OD) human bone marrow-derived mesenchymal stem cells (hBM-MSCs) seeded within a collagen gel. Osteogenic medium was supplied for 3 days to induce bone formation, after which the blood vessel channel was coated with Matrigel and seeded with HUVECs. After another 3 days, the vessel was seeded with MDA-MB-231 metastatic breast cancer cells. With this model, a substantial increase in MDA-MB-231 extravasation rate and migration distance was observed compared with a simple collagen gel without hBM-MSCs. To study the potential mechanisms related to the increased extravasation, the effect of CXCL-5 (a ligand expressed by osteo-cells) was investigated together with its receptor CXCR-2 (on MDA-MB-231 cells). Specifically, the application of CXCL-5 to a simple collagen gel increased extravasation, whereas the application of CXCR-2 blocking antibody decreased extravasation. The development of cancer cell aggregates of at least 4 cancer cells within the bone ECM after extravasation was also observed, showing the ability of cancer cells to proliferate within this environment.
A microfluidic microvasculature model was also reported for studying breast cancer metastases into bone tissue 113 . In this model, all of the cells were incorporated in one ECM channel, which was surrounded on both sides by media channels. To model bone, the ECM channel was loaded with a fibrin gel containing primary hBM-MSCs, OD hBM-MSCs, and HUVECs. Over a period of 4 days, the HUVECs self-assembled a microvascular network, after which a bone-seeking subclone of MDA-MB-231 (BOKL) was loaded into the network. It was shown that extravasation rates significantly increased when co-cultured with OD cells compared with both control myoblasts (C2C12) and without the addition of cells. RAW264.7 macrophages also increased extravasation rates compared with the myoblast control, but the rates were lower than with the OD cells. To verify the specificity of the metastatic cancer cells to the bone environment, the extravasation rate of non-metastatic mammary epithelial cells (MCF-10A) was investigated, and it was found to be significantly lower. Furthermore, to understand the protective effect that skeletal muscle has against metastases, the A 3 adenosine receptor expressed by BOKL was supplied while the matrix was seeded with C2C12. The extravasation rate was significantly increased, indirectly demonstrating the role that adenosine has in antimetastases. As well, the addition of adenosine to the ECM when supplied with OD cells resulted in a significant decrease in the extravasation rate. Finally, this study addressed the issue that many previous vasculature models failed to study, which is the role of physiological fluid shear stress supplied to the endothelial cells. The researchers preconditioned the endothelial cells with flow before the addition of cancer cells and observed a significantly decreased extravasation rate compared with the statically maintained endothelial cells, which was attributed to the change in microvessel permeability.
A device was also designed to mimic the blood-brain barrier (BBB) and brain metastasis (Figure 4b ) 114 . This device consisted of an array of 16 units, with four identical BBB regions in each unit. The units were formed with one vascular channel, four gel channels (each representing one BBB region), and one gas channel with a gas valve at the end of the vascular channel to control the flow. To form the BBB, collagen gel was first added to the gel channel, and primary rat cerebral astrocytes and brain microvascular endothelial cells (BMECs) were added in respective order to the vascular channel and allowed to adhere to the collagen surface. Media was applied to the vascular channel at 1 μL min − 1 (0.1 dyne per cm 2 shear stress), mimicking the capillary flow in the brain. It was observed that with the addition of flow and/or astrocytes, BMECs increased their expression of tight junction (ZO-1 and Claudin-5) and adhesion (VE-Cadherin) proteins. Furthermore, the expression of transporter proteins (P-gp and Glut-1) was increased with the addition of astrocytes alone but not flow. Both tracer and transendothelial electrical resistance experiments showed that the presence of flow and/or astrocytes reduced BBB permeability. When the cancer cells were added to the vascular channel, cancer cells that are known to metastasize to the brain (A549 lung cancer cells, MDA-MB-231 breast cancer cells, and M624 melanoma cells) were able to disrupt the integrity of the BBB and migrate past the BBB, but BEL-7402 liver cancer cells did not. U87 glioma cells from brain tumor were also shown to be unable to cross the BBB when seeded in collagen gels.
Ma et al. explored cancer cell extravasation toward different 'organs' with a microfluidic device (Figure 5a ) 115 consisting of a porous polycarbonate membrane (20 μm thick, 8 μm pores) sandwiched between two PDMS layers (300 μm thick) with an array of through-holes in variable patterns. The carefully aligned PDMS layers essentially create a series of microwells with a porous membrane in the middle. Two thick PDMS rings were bonded to the outside for support. The device was placed in oil to avoid media evaporation, and a polymethylmethacrylate (PMMA) ring was placed on top to prevent the device from floating. Droplets of Matrigel (1.1 mg mL − 1 ) were deposited into the microwells with a tapered capillary and a syringe pump. For simple migration studies, the inducer droplet (20% FBS) was deposited on the underside of the membrane, and a cell droplet was deposited on the upside of the membrane, forming a Boyden-chamber-like system. The number of migrated cells was quantified by imaging the total number of cells in the system and subsequently imaging the cells after scraping off the top droplet. It was found that the metastatic MDA-MB-231 breast cancer cells significantly increased migration toward the inducer droplet in the presence of 20% FBS;, whereas the non-metastatic MCF-7 breast cancer cells did not exhibit significant migration with or without 20% FBS. This system was expanded to conduct studies on cancer cell migration toward cell cultures from different organs. This 'multi-tissue' set-up consisted of one large cancer cell droplet on the top side, and five inducer droplets, each overlapping with the cancer cell droplet but not touching each other, on the underside of the membrane. The five inducer droplets each contained a different type of cell to realize a 3D co-culture of cells. This system successfully demonstrated the migration of MDA-MB-231 cells toward different inducer droplets, although the preference in migration pattern was not significant. Figure 5b shows a multi-organ system that mimics lung cancer cell extravasation to common sites for lung metastasis, namely, brain, bone, and liver 116 . The device consisted of three PDMS layers separated by two PDMS porous membranes coated with ECM, creating three channels. The top bronchial channel contained 16HBE human bronchial epithelial cells seeded on top of the membrane and was exposed to air, whereas the middle microvascular channel was coated with HUVEC endothelial cells and stromal cells (WI38 human lung fibroblasts and stimulated THP-1 macrophages) and filled with media. A cyclic vacuum was applied to the hollow side-chambers to stretch the membrane (10% cyclic strain at 0.2 Hz) to mimic physiological breathing. HA-1800 astrocytes, Fob1.19 osteoblasts, and L-02 hepatocytes were cultured separately in three chambers at the bottom layer that were linked to the microvascular channel via side channels to represent brain, bone, and liver, respectively. A549 human lung cancer cells were co-cultured with 16HBE epithelial cells, and media flowed through the microvascular channel to mimic blood flow (24 mm h − 1 ). The A549 cells co-cultured with stromal cells expressed lower E-cadherin and higher N-cadherin, Snail1, and Snail2 and were more invasive toward the microvascular channel than monocultured A549 cells, similar to the findings reported by Yu et al. 92 Furthermore, after A549 metastasis to the three 'distant organ' chambers, astrocytes overexpressed CXCR4, osteoblasts overexpressed RANKL, and hepatocytes overexpressed AFP, consistent with previous studies on lung cancer metastasis [117] [118] [119] . The microfluidic device was validated to be capable of mimicking lung cancer metastasis and offers significant potential for studying the mechanisms, drug effects, and site specificity of lung cancer metastasis.
SUMMARY AND OUTLOOK
This paper reviewed a multitude of microfluidic devices for modeling of cancer cell extravasation during metastasis. By leveraging the advantages of microfluidics, these devices modeled extravasation, manipulated specific factors, and studied single-cell responses. The devices were developed to investigate cancer cell migration under the impact of (a) mechanical factors (section 'Microfluidic investigation of mechanical factors in cancer cell migration'), (b) biochemical factors (section 'Microfluidic investigation of biochemical signals in cancer cell invasion'), and (c) microenvironments of the secondary site in metastasis-on-a-chip devices (section 'Microfluidic metastasis-on-a-chip models for investigation of cancer extravasation'). A summary of these devices is presented in Table 1 that outlines the type of cancer cells studied, the substrate with which cancer cells are in contact, the extravasation matrix, whether flow is involved, and the chemokine sources (applied or cell-derived).
The devices discussed in section 'Microfluidic investigation of mechanical factors in cancer cell migration' demonstrated strong mechanical regulation of cancer cell migration. Confinement of the cancer cells increased their migration speed and persistence 42, 48, 66 . The migration speed also increased with substrate stiffness in confined channels 66 . It was observed that as individual cancer cells approached confined regions, they first extended protrusions into the confined channels prior to nucleus deformation, and migration occurred 43, 52, 54, 55 . These premigration protrusions were also observed in cancer cell extravasation across self-assembled endothelial networks 97 . In addition, the clustered cancer cells transformed into a chain-like organization as they entered the confined channels 44 . Furthermore, a number of studies have shown that invasive cancer cells were more responsive to changes in the mechanical environment than less invasive and non-cancerous cells 42, 48, 49, 52 . Chemotherapy drugs (for example, Taxol) were often tested in microfluidic studies and were shown to reduce cancer cell migration speed in confinement 42, 43, 57, 58 . Section 'Microfluidic investigation of biochemical signals in cancer cell invasion' discussed how biochemical or cellular factors affect cancer cell invasion. These devices allowed the 3D migration of cancer cells to be studied in response to a biochemical gradient or in co-culture with tumor-associated macrophages 90 and CAFs 93 . To better simulate cancer cell extravasation, microfluidic devices began to include endothelial cells in the form of a layer 94, 95, 100 , a lumen 96 , and self-assembled networks [97] [98] [99] . Various factors involved in cancer cell extravasation were investigated, such as CXCL-12 94, 95, 100 , tumor integrin β1 98 , and TNF-α 97 . Microfluidic devices have also been developed to isolate subpopulations that were able to migrate through confinement 45 and endothelial cells 101 to further investigate intratumor heterogeneity.
The microfluidic devices described in section 'Microfluidic metastasis-on-a-chip models for investigation of cancer extravasation' are the most complex and involve cell cultures of the targeted organs. For example, breast cancer extravasation toward bone multicellular cultures was modeled and demonstrated increased extravasation compared with gels without bone cells 112, 113 . Cancer cells that are known to metastasize to the brain in vivo have been shown to disrupt and migrate past the BBB, whereas other types of cancer cells were not able to perform these functions 114 . Multi-organ devices have also been developed with multiple cancer cell migration pathways leading to cell cultures of different downstream organs 115, 116 , and cancer cells in these devices were able to migrate to different cell cultures and affect protein expressions in the downstream cell cultures 116 . These advances demonstrated the potential of microfluidic devices for modeling intricate interactions and resulted in valuable findings. However, Table 1 also makes apparent a few areas where further improvement is needed. First, few of the current extravasation models incorporated the flow that cancer cells experience in vivo. This aspect is particularly important because fluid shear stress is known to affect the behavior of endothelial cells [120] [121] [122] and cancer cells 74, 123 . Secondly, few of the gel models considered the stiffness of the ECM into which the cell migrates, even though the stiffness of ECM is well known to play a major role in cancer cell migration 62, 66, 124 . Notably few existing devices considered both mechanical and biochemical or cellular factors. Furthermore, many of the studies used MDA-MB-231 breast cancer cells (a highly metastatic cell line), probably because breast cancer has a high likelihood of metastasis, as observed clinically. However, metastasis could result from any type of cancer, and studies should move toward other primary tumor types. The use of primary cells isolated from patients should also be increased. Therefore, substantial room still exists in this field for further innovations to improve the physiological relevance of microfluidic devices.
Because the individual 'organ-on-a-chip' devices combine multiple factors and improve on physiological relevance, it can be envisioned that they can be integrated synergistically to create 'body-on-a-chip' or 'metastasis-on-a-chip' devices. These devices can be used to identify metastatic specificity and drug targets and to perform drug screening for personalized medicine. Personalized treatment gained recognition after significant heterogeneity in the tumor and drug responses of patients were observed. Ideally, primary tumor cells isolated from individual patients should be obtained and added to these 'metastasis-on-a-chip' devices to test their response to cancer drugs in terms of migration and apoptosis in a physiological environment. Microfluidic devices developed for isolating circulating tumor cells 125 could be used to obtain tumor cells and add them to the 'metastasis-on-a-chip' devices. Off-target toxicity could also be identified with a more comprehensive 'body-on-a-chip' that includes, for example, liver and gut models for drug metabolism. Cancer cell dormancy and the interaction with other cell populations during reactivation should also be included. These devices could also benefit greatly by further improving the isolation and quantification methods. Subpopulations of tumor cells that did not respond to drugs could be investigated for intratumor heterogeneity. Downstream assays for gene and protein expression profiles might be used to identify the differences in cancer cells that are responsive or resistant to the drugs applied. This approach might lead to the use of promising immunotherapy 126 to modulate immune cells to target the resistant subpopulations. Identifying how different cells in a tumor microenvironment affect cancer cell activities might also lead to drug targets that can reduce host support for metastasis. 
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To fully utilize the advantages of the in vitro microfluidic devices over current in vivo systems, these devices should incorporate immune cells, primary human cells, and the capability of mass production. Because mice models could only include either immune cells or primary human tumor cells, microfluidics offer advantages for studying complex and important interactions between metastasis and the immune system 15 . In addition to human tumor cells, microfluidics could include individualized human cells as the techniques to produce induced pluripotent stem (iPS) cells become standard 127 . Even without iPS cells, additional human cell lines should be incorporated to account for the potential differences between human and mice models. The addition of these human cells (and specifically, immune cells) could greatly improve the ability of future microfluidic devices to model the intricate metastasis environment in vivo. In the meantime, it is also important to preserve the relative simplicity of microfluidic devices and their ability to perform high-throughput studies. Further work is required to identify the minimal essential factors and cells that must be included in the final 'metastasis-on-achip' platform. Parameters such as the variety of biomaterials needed, the media used to maintain multiple cell types, the ratio of cell numbers from each cell type to better mimic the in vivo environment and avoid over-representation, and the drug concentration also need to be optimized. Only devices designed with simplicity and scale-up capability 128 can embrace the full potential of microfluidics.
In summary, current microfluidic devices have demonstrated great potential to fine tune specific physical, biochemical, or cellular signals to investigate metastasis. Integrating the different factors and 'organ-on-a-chip' devices into a full 'metastasis-on-achip' could create a platform for drug target identification and individualized medicine screening. Adopting advances from related fields, such as induced pluripotent stem cells and biomaterials, could further improve the physiological relevance of these models. A 'metastasis-on-a-chip' with the correct balance between capturing the complexity of the metastatic cascade and ability to be mass produced could revolutionize cancer treatment and could allow drug investigation and screening in a high-throughput and predictive fashion to identify effective, personalized therapeutic approaches for managing cancer metastasis.
